[1] We investigate the variations in the thermosphere and ionosphere using multiinstrument observations during the April 2002 period, with a particular focus on periods during small geomagnetic disturbances. Large and long-lasting reductions in the daytime electron density were observed at midlatitudes by incoherent scatter radars, ionosondes, and GPS receivers. These reductions reached 30-50% and were observed over an extended longitudinal area. They propagated to middle latitudes (35-40°N) in the case of a weak geomagnetic disturbance (K p = 3À) and to low latitudes (0-10°N) in the case of a stronger disturbance (K p = 5À). Data from the GUVI instrument aboard the TIMED satellite reveal a reduction in the daytime O/N 2 ratio in the coincident area. Similar decreases are also predicted by the TIMEGCM/ASPEN model in both O/N 2 ratio and electron density, though the magnitude of the decrease from the model is smaller than observed. We suggest that these ionospheric and thermospheric disturbances result from high-latitude energy input and efficient transport of regions with reduced O/N 2 to lower latitudes. We discuss the possible role of a strong positive 
Introduction
[2] A well-studied phenomenon in ionospheric physics is the decrease in the ionospheric electron density in response to magnetospheric disturbances, also known as the negative storm effect. While there are a number of mechanisms responsible for such a decrease, working on different spatial and temporal scales, a disturbance in neutral composition is widely recognized as one of the primary mechanisms [Prölss, 1995; Buonsanto, 1999] .
[3] Heating at auroral latitudes causes an expansion and upwelling of the neutral atmosphere. At ionospheric altitudes it results in a density increase in molecular masses [N 2 ] and [O 2 ] and a decrease in atomic mass [O] , as was shown in satellite measurements [Prölss, 1992] . The observed increase in the density of molecular masses enhances the recombination of ionospheric plasma, while a decrease in the atomic oxygen [O] density reduces the photoionization. Combined, these two processes reduce the electron density at F-region altitudes. Owing to the direct connection to electron density, the O/N 2 density ratio has been used in numerous studies as a parameter to study the evolution of the disturbance zone during and after a geomagnetic storm.
[4] Expansion of the neutral atmosphere at high latitudes results in important changes in the dynamics of the entire thermosphere. It induces equatorward wind, which transports composition changes from auroral to lower latitudes. On the nightside, storm-induced equatorward wind combines with background equatorward wind, bringing disturbances to lower latitudes, while, in contrast, on the dayside, storm-induced equatorward wind conflicts with the background poleward wind, and the propagation of the disturbance zone on the dayside is restricted to higher latitudes [Fuller-Rowell et al., 1994] . A similar mechanism is responsible for the seasonal dependence of the penetration of depleted O/N 2 to lower latitudes: the diurnal mean wind in summer is directed equatorward, favoring penetration to lower latitudes, while the circulation in winter restricts the equatorward motion [Prölss, 1977] .
[5] Day-to-day variations in electron density at midlatitudes during relatively quiet periods are thought to be related to variations in neutral density [e.g., Prölss, 1991 Prölss, , 1992 Prölss, , 1995 , as well as to ''meteorological'' causes, which include processes originating in the lower atmosphere, such as tides, planetary waves, and gravity waves [Kazimirovsky and Kokourov, 1991; Forbes et al., 2000; Rishbeth and Mendillo, 2001; Pancheva et al., 2002] . Although variations in electron density during quiet periods usually do not exceed 10 -20% [Forbes et al., 2000; Rishbeth and Mendillo, 2001] , much larger perturbations are observed occasionally, with surprisingly different behavior at locations separated only by several tens of degrees in longitude or a few degrees in latitude.
[6] Two key parameters define the spatial and temporal extent of the variation in the thermospheric and ionospheric density: (1) the high-latitude energy input, which is necessary to create high-latitude thermospheric disturbances, and (2) the neutral wind, which is necessary to transport these disturbances to lower latitudes. The wind flow is determined mainly by the balance between ion drag, pressure gradient, Coriolis, and advective forces and can be highly variable due to variations in these forces. For example, pressure gradients can vary significantly depending on a change by a few degrees in the exact location of the auroral oval [Crowley et al., 1989] . The Coriolis force tends to aid the equatorward motion in the dawn sector [Fuller-Rowell et al., 1994] and contributes more favorably to the clockwise circulation on the duskside than it does to the anticlockwise circulation in the dawnside.
[7] Contrary to popular expectations about the dominance of pressure gradient forces, the primary mechanism that drives the high-latitude wind flow (at least for minor to moderate geomagnetic storms) is ion-neutral coupling in the polar cap region [e.g., Burns et al., 1991; Fuller-Rowell et al., 1994; Burns et al., 1995] . Details of the wind flow depend greatly on the configuration of the high-latitude convection pattern, which affects the neutral circulation through the ion drag force. The configuration of the convection pattern, in turn, is affected by the sign and magnitude of the B y and B z components of the IMF. The dependence of the high-latitude convection pattern and the high-latitude wind pattern on the B y component has been investigated with experimental data [McCormac and Smith, 1984; McCormac et al., 1985; Thayer et al., 1987; Hernandez et al., 1991; Killeen et al., 1995] and through thermospheric models [e.g., Rees et al., 1986] . In the midnight sector, the zonal wind magnitude depends on the B y component of the IMF, while the meridional wind magnitude depends on B z and, for either direction of B y , increases with increasing (i.e., more southward) B z [Hernandez et al., 1991] . The effect of the positive B y on the wind flow in the Northern Hemisphere is a clockwise rotation of the wind pattern, closely related to the rotation of the convection pattern [Weimer, 1995] . As a result, the dawnside of the wind pattern is shifted to earlier hours and in the equatorward direction. It leads to stronger westward wind near midnight and an earlier transition from poleward to equatorward wind [Rees et al., 1986] . Another important effect of positive B y is the increase in the size of the dusk convection cell (in the Northern Hemisphere), which also leads to stronger high-latitude zonal wind. Modeling efforts by Burns et al. [1991] indicate that the size of the region with disturbed composition is directly related to the magnitude of the polar cap winds. As simulations by Fuller-Rowell and Rees [1984] show, the parcel of air with initial zonal velocity moves in a clockwise direction due to Coriolis force, and the equatorward displacement of the location of the parcel is proportional to the initial velocity [see Fuller-Rowell and Rees, 1984, Figure 2] . The magnitude of the B y component also plays a significant role, further enhancing the high-latitude zonal wind with increasing B y . In other words, a strong and positive B y will cause stronger zonal winds at high latitudes, which lead to stronger equatorward winds at lower latitudes. Close to the midnight sector, this equatorward motion is added to the background equatorward wind, which is part of the day-tonight circulation, and to the equatorward wind resulting from pressure gradients caused by high-latitude heat input. The combination of all these mechanisms enhances the penetration of disturbed regions to lower latitudes. When such regions corotate into the morning sector, large decreases in O/N 2 ratio and ionospheric electron density can be expected.
[8] Several recent studies suggest that the association of decreases in density with IMF B y orientation is not limited only to high latitudes and periods of strong geomagnetic disturbances. Large changes in the thermospheric composition and electron density at midlatitudes were observed after the onset of even moderate geomagnetic activity [Immel et al., 1997; Strickland et al., 2001a; Craven et al., 2003] . Strongly positive B y was identified by Immel et al. [1997] as the main factor associated with the decrease in the thermospheric O density at midlatitudes in the morning sector. Analysis of DE data for several disturbed periods with positive B y showed $20% decrease in the dayglow brightness in the morning sector, extending equatorward to $38°N, even when geomagnetic activity was weak (maximum K p = 2+, minimum Dst = À12, AE $ 400-500 nT). In contrast, periods with B y negative do not lead to a decrease in the morning-sector dayglow brightness at midlatitudes even for stronger geomagnetic activity (maximum K p = 6+, minimum Dst = À87, AE $1000 nT).
[9] The goal of this work is to study the large variations in the electron density observed after minor geomagnetic disturbances (K p = 3À, K p = 5À) and to determine their origin. We use electron density measurements obtained by incoherent scatter radars, digisondes and GPS receivers, and O/N 2 ratio measurements obtained by the TIMED GUVI instrument. These measurements are compared with the predictions of the TIMEGCM/ASPEN model. The model output is further examined to show the role of transport in the observed perturbations and to highlight the importance of IMF B y orientation for the transport. (Figure 1f) . The IMF data, presented here in GSM coordinates, were measured by the ACE satellite with 64-s averaging and delayed by the propagation time to the Earth according to the solar wind speed. The total hemispheric power (HP) input was computed from NOAA POES measurements and used in this study to characterize the high-latitude energy input. The numbers above the horizontal bar in the upper part of the Figure 1c denote geographical longitudes which were in the midnight sector during the given universal time. The K p index describes geomagnetic conditions at midlatitudes, and the SYM-H index describes geomagnetic conditions at low latitudes. The SYM-H index is used in this study as higher-resolution alternative to Dst index.
[11] As shown in Figures 1a -1e , 15 April was geomagnetically quiet (Kp < 3), while 14 April and 16 April were slightly disturbed, with Kp = 4+ and Kp = 3À, respectively. The feature of interest here is a prolonged period of positive IMF B y from $2100 UT on 15 April to $0700 UT on 16 April. During this time, the B z component remained mostly southward, the hemispheric power input slightly increased to 20-25 GW, and the SYM-H index remained at the quasi-steady level between À20 and À25 nT for about 12 hours, with minimal value of À32 nT at $2200 UT on 15 April. We will study the variations in midlatitude ionospheric and thermospheric parameters under such conditions and will compare them to variations observed during moderately disturbed time (14 April) and quiet time (15 April). We note that the longitudinal area which was in the midnight sector during prolonged period of increased activity on 15-16 April (i.e., 30°E-0°E -260°E) has similar levels of disturbance as on 14 April (HP = 20-25 GW, Kp = 3) but under different IMF conditions.
Disturbance in Ionospheric Electron Density
[12] Figure 1g shows variations in N m F2 (F2-region maximum electron density) at midlatitude as observed by the Millstone Hill digisonde (42.6°N, 288.5°E). Large reduction in the daytime electron density is observed on 16 April 2002, when N m F2 decreased to 50-70% of the level observed on 14 and 15 April. This reduction lasts for the whole day and is similar in magnitude to the decrease in electron density typically observed during geomagnetic storms. Figure 2 presents altitude profiles of electron density measured by the Millstone Hill incoherent scatter radar on 15-16 April (data for 14 April is not available). On 16 April a reduction in electron density occurs over a large range of altitudes, suggesting that it is related to variations in neutral density. At middle latitudes, the decrease in the atomic oxygen density and the increase in the molecular nitrogen density combine to reduce F-region density in large range of heights [e.g., Prölss, 1995] . Other mechanisms (meridional winds, electric fields) lead to redistribution of electron density in height as they move plasma up or down the field lines. Figure 3 presents the electron density measured at another midlatitude location by the Kharkiv incoherent scatter radar (50.0°N, 36.2°E). It demonstrates the same feature as observed over Millstone Hill, i.e., $50% decrease in daytime electron density, and indicates that a decrease in electron density occurs in an extended longitudinal area.
[13] To further discuss the extent of the electron density decrease in latitude and longitude, we examined observations from the global network of GPS receivers. The specific technique of using GPS to derive total electron content (TEC) involves both the GPS differential carrier phase and GPS differential group delay measurements [Coster et al., 1992; Mannucci et al., 1999] . Analysis of the error sources [Sardon et al., 1994; Wilson et al., 1999] indicates that the TEC errors are expected to be within 1 -3 TEC units (1 TEC = 10 16 el/m
À2
) for most conditions. The current data quality allows unambiguous determination of TEC perturbations smaller than 1 TEC unit [e.g., Nicolls et al., 2004] . The TEC measurements in this study are obtained from $900 worldwide receivers and binned at 20-min intervals in time and 3°Â 3°grids in latitude and longitude. No interpolation was used for locations with sparse coverage, and in order to reduce scatter and highlight the main features, we further binned TEC data in 1-hour intervals in time and 15°intervals in longitude.
[14] Figure 4 shows GPS TEC variations on 14-16 April 2002 as a function of latitude in the Northern Hemisphere at 300°E longitude. This location was in the midnight sector during negative IMF B y (B y = À5 nT) on 14 April, and during positive IMF B y (B y = 5 nT) on 16 April, but magnetic activity and hemispheric power inputs were similar for these two periods (see Figure 1 ). Here 15 April is used to represent quiet conditions. Significant decreases in daytime TEC are observed on 14 and 16 April as compared to 15 April. The decrease in TEC on 14 April is limited to higher latitudes (>50°N), followed by a minor increase in TEC between 30 and 40°N. On 16 April the TEC decrease is more pronounced and reaches as low as 35°N. It becomes evident after 0700 LT, i.e., after sunrise, lasts throughout the day, and maximizes around local noon. Figure 5 compares TEC observed at different longitudes at local noon, i.e., when TEC differences were the largest. On 16 April a large area of depleted TEC extends from $60°E to $270°E, i.e., from the western part of Asia to Europe to the eastern part of North America. The 60°E longitude corresponds to the eastern edge of the area with depleted TEC, with the decrease in TEC on 16 April penetrating to $40°N. At 300°E longitude, the depletion in TEC penetrates to the lowest observed latitude $35°N. No significant variations in TEC were observed at longitudes west of 270°E. Overall, the decrease in TEC was observed in the continuous area at those longitudes which were located in the nighttime sector during the increase in geomagnetic activity on 15 -16 April under steady positive IMF B y (see Figures 1a -1e) . At all these longitudes, the decrease in TEC appeared after these locations rotated to daytime and lasted for the whole day. In contrast, decrease in TEC on 14 April in response to similar level of activity, but negative IMF By, is observed in the smaller longitudinal area and at higher latitudes.
Disturbance in Thermospheric Composition
[15] To discuss changes in the thermospheric composition, we use experimental data of the daytime O/N 2 column density obtained by the GUVI instrument on board the TIMED satellite. The GUVI column O/N 2 ratio is determined from the O (135.6 nm) and N 2 (LBH) emissions [Strickland et al., 1995; Christensen et al., 2003; Paxton et al., 2004; Strickland et al., 2004] and is estimated with $1.75°Â 1.75°spatial resolution. Detailed discussions of the definition of O/N 2 column density ratio and the analysis technique can be found in the above-referenced papers and references therein. The estimated errors in O/N 2 might reach $10% for high O/N 2 values and latitudes above 60°but are expected to be close to 5% for low O/N 2 values and at lower latitudes. Although some questions about absolute O/N 2 values still need to be resolved due to uncertainties in cross sections, relative variations in O/N 2 ratio should not be affected, as discussed by Christensen et al. [2003] and Strickland et al. [2004] . We note that the TIMED satellite is in a circular orbit at 625 km with an inclination of 74°. Although it takes almost a whole day to obtain global O/N 2 coverage at different longitudes, the local time for each orbit is approximately the same, and the satellite crosses the equator on the dayside close to $0730 LT during this period. The subsequent figures represent O/N 2 values, taken at different UT times for different longitudes.
[16] Figure 6 presents global O/N 2 data on 15 and 16 April 2002. Even during the quiet time on 15 April, the O/N 2 ratio is decreased near magnetic poles, indicating sensitivity of thermospheric composition to high-latitude heating. The distinctive feature of the measurements is a large latitudinal gradient in O/N 2 and low O/N 2 values at high latitudes. It illustrates that the transition from equinox to solstice thermospheric circulation is already well underway and that summer conditions prevail in the Northern Hemisphere. A large decrease in O/N 2 ratio occurred on 16 April over western Europe and North America, i.e., at those longitudes where the decreased TEC was observed, and there was no decrease in O/N 2 ratio to the west of 270°E longitude. Figure 7 shows the O/N 2 ratio for 14 -16 April at six eeper than the reduction in electron density. There is also a pronounced increase in O/N 2 ratio (positive storm effect) observed in the extended geographical area from $120°E to $180°E. There are some signs of the increased TEC in a smaller region within this area. Unfortunately, there are significant gaps in TEC data coverage in this area which do not permit us to study these enhancements in detail, and the remaining discussion therefore focuses on the area of reduced electron density and thermospheric composition.
Modeled Disturbances
[17] To assist in the discussion of data described in previous sections, we use simulations by the TIMEGCM/ ASPEN global model [Freitas and Crowley, 1999; Meier et al., 2005] , which is based on the NCAR Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model (TIMEGCM) [Roble and Ridley, 1994] . The model uses a fixed geographical grid with a 5°Â 5°r esolution in latitude and longitude and 89 pressure levels, spaced at a vertical intervals of a half pressure scale. The thermospheric and ionospheric parameters are computed with a time step of 2 -3 min, and the output is provided in 1-hour intervals. The inputs required by the model include the solar flux at 57 wavelengths, auroral particle precipitation, high-latitude electric fields, and tides propagating from below. For our study, the size of the auroral oval and particle fluxes were driven by hemispheric power measured by the NOAA and DMSP satellites, while the cross-cap potential was represented with a 10-min cadence using the Heelis et al. [1982] model with IMF-B y obtained from the ACE satellite. The cross-cap potential difference for the Heelis potential pattern was determined every 10 min by running the Weimer [1996] high-latitude potential model using ACE IMF as a driver. Comparison of ionospheric parameters predicted by TIMEGCM/ASPEN with those measured by seven incoherent scatter radars showed a reasonably good agreement, indicating that the model correctly reproduces the main ionospheric and thermospheric processes during this period [Vigil et al., 2003] .
[18] Figure 8 shows the TIMEGCM/ASPEN simulation of TEC for the 14-16 April 2002 period at local noon. The model underestimates the measured TEC ( Figure 5 ) at middle latitudes, predicting smaller latitudinal gradient in TEC, and also underestimates TEC around equatorial anomaly latitudes ($20°N). Predicted TEC do not show variations on 14-16 April at longitudes 180°E, 120°E, and 60°E. The decrease in TEC on 16 April is reproduced in the extended longitudinal area from $0°E to $240°E, with maximum depletion at $300°E. [19] It should be noted that differences in the absolute value of predicted and measured O/N 2 are directly related to assumptions used to calculate O/N 2 . Strickland et al. [2004] state that the GUVI observations are derived from airglow that originates above an altitude where the N 2 concentration is 10 17 cm
À3
. They showed that the ratio of 1356/LBH brightnesses that would be observed by GUVI is closely related to the column integrated [O] and [N 2 ] above that altitude, based on the MSIS thermospheric model. Therefore in this paper the column integrated O/N 2 from the ASPEN-TIMEGCM model is computed by identifying the altitude for which the N 2 concentration is 10 17 cm
, and then integrating both the [O] and the [N 2 ] above that altitude. Because the density of the atmosphere decreases exponentially, the integral is heavily weighted toward the lower altitudes, making the model quite sensitive to the altitude used for the base of the integration. We obtained significant variations in absolute value of modeled O/N 2 ratio by varying this altitude within several kilometers, although depletions in O/N 2 on 16 April remained pronounced for all O/N 2 calculations. We also note that the absolute value of O/N 2 from GUVI is subject to some uncertainty due to the calibration of the instrument.
[20] Experimental data presented here show good agreement between different types of observations (ionosondes, ISRs, GPS, and GUVI) of coincident decrease in Ne and O/ N 2 . The character of such a decrease and its evolution is similar to the one expected from geomagnetic storms. The decrease is observed in an extended longitudinal area, lasts for a long time, and penetrates to middle latitudes. Furthermore, simulations from the first principle model predict general features of such reductions. Such a response in the ionosphere/thermosphere is expected from an increase in high-latitude forcing, but the levels of geomagnetic activity for this time period are not usually associated with signif- icant changes in thermospheric and ionospheric parameters at middle latitudes. We suggest that observed midlatitude disturbances depend on the increase in the total highlatitude energy input and other factors favoring the propagation of disturbances from high to low latitudes. The steady and strong positive IMF B y observed during this event is likely to have been a factor favoring the transport of areas with decreased O/N 2 which resulted in the large electron density depletions that were observed.
Case 2: 26-28 April 2002
[21] In order to further discuss the ionospheric and thermospheric variations caused by modest geomagnetic disturbances, we investigate a case of a stronger geomagnetic disturbance under similar conditions (solar flux, season, IMF B y orientation).
Interplanetary and Geomagnetic Conditions
[22] Figure 10 summarizes interplanetary and geomagnetic conditions for the 26-28 April 2002 period and shows IMF B y and B z components (Figures 10a and 10b) , hemispheric power (Figure 10c ), K p index (Figure 10d) , SYM-H index (Figure 10e) , and F10.7 index (Figure 10f) . A stronger disturbance, reaching small storm level, occurred on 28 April 2002. The hemispheric power increased to 20-60 GW, and the SYM-H index decreased to À45 nT by 0600 UT on 28 April, representing the main phase of the storm. It was followed by a second À48 nT minimum in SYM-H at 0900 UT and subsequent slow recovery throughout the rest of the day. The Kp index increased to 3 in the second half of 27 April and reached maximum level of 5À during the main phase of the storm. The important feature in this case is the direction of the IMF B y component, which remains strongly positive for $26 hours starting at $0400 UT on 27 April and varies between 5 and 10 nT from 1400 UT on 27 April to $0630 UT on 28 April. We also note that rapid variations in IMF B z introduce an additional uncertainty. We have not included the effect of this B z fluctuation on the meridional wind in our analysis because it seems likely that the average effect of the B z fluctuation will be negligible due to the relative timescales of the fluctuation and the thermospheric response.
Disturbance in Ionospheric Electron Density
[23] The major effect of this small storm is a significantly reduced ionospheric electron density. As Figure 10g shows, the daytime N m F2 measured by the Millstone Hill digisonde (42.6°N, 288.5°E) on 28 April is reduced by up to $60-70% as compared to the previous 2 days. Figure 11 shows GPS TEC variations on 26-28 April 2002 along 300°E longitude, which experienced the largest decrease in TEC. In contrast to Figure 4 , we now show TEC data in both Northern and Southern Hemispheres, as the observed effects extend to Southern Hemisphere. Only minor variations in TEC are observed on 26 -27 April. On 28 April the decrease in TEC starts developing after 0700 LT and maximizes by midafternoon. The depletion in TEC exceeds 50% at midlatitudes, and is clearly seen at latitudes as low as 5 -10°N, diminishing at the equator. Note that the decrease in TEC in the Northern Hemisphere is accompanied by increase in TEC at 1600 -1900 LT in the Southern Hemisphere at $20°S, contributing to the development of the southern peak in the equatorial anomaly. Increase in O/N 2 ratio, which leads to increase in electron density, is fre- quently observed equatorward of the main disturbance in O/ N 2 [Prölss, 1995] . TEC data suggest that in case of 28 April 2002, reduction in O/N 2 in the Northern Hemisphere is so dramatic that it leads to forming an O/N 2 bulge in the Southern Hemisphere.
[24] Reduction in the electron density in response to increased geomagnetic activity (negative ionospheric storm behavior) is observed on 28 April in the extended longitudinal and latitudinal area. Figure 12 presents the noontime GPS TEC data at six different longitudes. The most pronounced feature on 28 April is a decrease in the ionospheric electron density, with the area of depletion in TEC extending from 330°E to $120°E. At most longitudes, the depletion in TEC is limited only to middle latitudes (40 -50°N), with deeper penetration at $300 -330°E longitudes. Amongst other interesting features, a minor increase in TEC (positive storm effect) is observed at longitudes 30°E-60°E, penetrating to latitudes $40°N, and signs of TEC increase in the midlatitude Southern Hemisphere are seen at 0°E longitude.
Disturbance in Thermospheric Composition
[25] Figure 13 presents global O/N 2 data on 27-29 April 2002. During this period the GUVI orbits cross the equator close to 1630 LT. The main feature of the 28 April data is a well-defined region of reduced O/N 2 observed in the Northern Hemisphere in a large geographical area extending from 330°E to 90°E, i.e., over North America and a large part of Asia. The strongest decrease in O/N 2 within this disturbed region is observed at 300 -330°E longitudes, where it penetrates to latitudes as low as 0-10°N. The reduction in O/N 2 weakens in magnitude and penetrates only to middle latitudes for other longitudinal sectors, reaching $55°N at 240°E longitude, $40°N at 180°E longitude, and 50°N at 120°E longitude. We note that reduced O/N 2 was observed at longitudes which were located in the midnight sector during the increase in the hemispheric power and stable positive B y (see Figures 10a and 10c) . During this period the first orbit of the day started at 240 -260°E longitude, so GUVI daytime data on 28 April at longitudes $120 -240°E were collected at $0000-0900 UT and reflect variations in O/N 2 in response to increase in HP on 27 April. Respectively, GUVI data on 29 April at longitudes $120 -240°E represent variations in O/N 2 in response to conditions occurring on 28 April. While decrease in O/N 2 is well pronounced at these longitudes on 28 April, i.e., after the stable positive B y , there is only minor to no decrease on 29 April, i.e., after varying B y , although hemispheric power levels remained similar or higher. Figure 14 shows O/N 2 ratio for 26-29 April 2002 at six longitudes for more quantitative comparison. Only small variations in O/N 2 are observed between 26 and 27 April, the largest one between 45 and 60°N at 300°E, i.e., coincident with the minor decrease in TEC (Figure 12 ). On 28 April the O/N 2 ratio at midlatitudes in the Northern Hemisphere along the 300°E meridian is decreased by $50% as compared to 2 previous days. Note that an increase in O/N 2 ratio at $25°S and 300°E on 28 April is not observed on 26-27 April. It agrees well with GPS TEC data, which show an increase in TEC at $20-25°S and 300°E between 1600 and 1900 LT on 28 April, suggesting that the increase in TEC is indeed related to an increase in O/N 2 and results from the transport of disturbed composition from the northern to the Southern Hemisphere, implying significant equatorword winds on 28 April. Also, the GUVI data in Figure 14 clearly show a significant increase in O/N 2 in the Southern Hemisphere at 0°E (positive storm effect), which agrees well with signs of TEC increase in the same area (Figure 12 ). It is not clear if this increase could result from the equatorward transport from the southern high latitudes or zonal transport from 300°E, but it agrees with the expectations of coexistence of negative and positive storm effects for the same storm. We also note that peaks in O/N 2 ratio at $20 -25°latitudes, which appear on geomagnetically quiet days in both northern and Southern Hemisphere, are a real feature which can affect the formation of ionization in the equatorial anomaly and contribute to the observed variations in TEC. Such a feature is not expected from the statistical MSIS model but was recently reported in CHAMP data [Liu et al., 2005] .
Discussion
[26] The experimental data given above from four different types of instruments unambiguously show that under favorable conditions, even modest geomagnetic disturbances can cause significant (>30 -50%) perturbations in thermospheric and ionospheric densities at middle latitudes. The extent of the area with reduced O/N 2 values coincides with the area of reduced TEC, suggesting that the decrease in O/N 2 ratio lasts throughout the day and serves as a primary cause of reduced electron density. The temporal evolution of the disturbed region and its spread in longitude/universal time agree well with the well-known mechanism of neutral composition disturbance during geomagnetic storms and its associated reduction in the ionospheric electron density [e.g., Prölss, 1995; Buonsanto, 1999] . The largest disturbances in the neutral composition and related negative storm effects are expected to occur in regions closer to the magnetic pole and located on the nightside during the main phase of the storm, as was shown in experimental data [i.e., Szuszczewicz et al., 1998 ] and in models [e.g., Crowley et al., 1989; FullerRowell et al., 1994] . On the other hand, regions located on the dayside during the main phase of the storm are expected to have minimal response to the storm.
[27] Observations in the present study support the hypothesis of the importance of a positive and strong B y component. In the first case studied here, B y remains mostly positive with a magnitude of $2 -6 nT from $1200 UT on 15 April to $0900 UT on 16 April, while the B z component is mostly negative. The HP (hemispheric power) index, which can serve as a measure of Joule heating and, consequently, as an indicator of high-latitude disturbances, shows a moderate increase to 15-22 GW level during this time (see Figure 1) . Although the transport of disturbed air to lower latitudes might not be confined to narrow longitude regions, as discussed by Burns et al. [1995] , Strickland et al. [2001b, and references therein] , the time history of the HP index can provide a simplified picture of the longitude region where subauroral and middle-latitude disturbances could be expected to occur after some delay. Regions located near local midnight during increases in the HP index are in a most favorable position to experience disturbances in thermospheric and ionospheric parameters. In our first case study, the increase in HP index at $0400 -0700 UT on 16 April corresponds to local midnight at longitudes from 300°E to 255°E, and the B y component is consistently positive during this time as well as for several hours before. For these longitudes, disturbances in the thermospheric composition and ionospheric electron density penetrate to latitudes of 30-35°N, as illustrated in Figures 4 -7 . No disturbances are observed at 240°E longitude, i.e., after the HP index decreased to a quiet level. We also note that a modest increase in HP to $22 GW at 2000 -2300 UT on 15 April, accompanied by a positive 3 -5 nT B y , results in significant thermospheric and ionospheric disturbances at corresponding longitudes of 20-60°E, while the same HP level between 1400 and 1900 UT, but with varying sign of B y , does not produce midlatitude disturbances at 80-150°E longitudes.
[28] The TIMEGCM/ASPEN simulations further support the hypothesis that a decrease in daytime O/N 2 and Ne is related to the changes in the nighttime wind flow. According to the model predictions, at the longitude of 300°E the meridional wind on 16 April 2002 during local midnight is 50-100 m/s more equatorward compared to two previous nights (Figure 15 ), while at other longitudes the wind is similar to two previous nights or more poleward. For the 300°E longitude sector, a decrease in daytime O/N 2 ratio and TEC is predicted by the model and agrees with observations. Figure 16 shows TIMEGCM/ASPEN prediction of the nighttime meridional wind at the 300°E longitude from 2000 UT to 0800 UT, i.e., from 1600 LT to 0400 LT. Dotted lines correspond to the zero wind at a given time and are separated by 500 m/s. The meridional wind on the night of 16 April is more equatorward by 50-150 m/s compared to two previous nights, allowing faster transport of disturbance in composition to lower latitudes. Figure 17 presents [Buonsanto and Witasse, 1999] . On the night of 16 April the equatorward wind reaches 130 m/s, and transition to poleward direction occurs later than on 17 April. Although TIMEGCM/ASPEN overestimates the magnitude of the nighttime wind, it clearly shows that on 16 April the equatorward wind was stronger than on other nights.
[29] The second case in this study, 26 -28 April 2002, provides another example of B y -assisted perturbations. The geomagnetic disturbance was stronger (see section 2.2.1), with increases in HP up to 40 GW between 0400 and 0600 UT on 28 April (Figure 10 ), while the B y component was strongly positive for many hours and in general exceeded 5 nT. The longitude regions which are in a most favorable situation for related thermospheric/ionospheric variations, i.e., 270-300°E, experience deep penetration of disturbances to 5-10°N, as shown in Figures 11-14 . A larger level of HP increase at 0800-0900 UT, but with varying B y , resulted in penetration of disturbances only to 45-55°N.
[30] Another favorable condition aiding the transport of thermospheric disturbances in our cases is high solar activity. Analysis of neutral wind measured by Fabry-Perot interferometers at Thule, Greenland (76.5°N, 69.0°W) and Sondre Stromford (67.0°N, 50.9°W) by Killeen et al. [1995] shows that the thermosphere is not very responsive to changes in geomagnetic forcing at solar minimum.
However, for high levels of solar activity, upper thermospheric winds at high latitudes show strong dependence on geomagnetic activity, increasing from $200 m/s for K p = 1 to $800 m/s for K p = 6. Such increases could be expected due to strong ion drag forcing which results from larger electron density for high solar activity. Similarly, strong ion drag is expected due to prevailing summer conditions since the high-latitude ionosphere in summer season is sunlit all the time, leading to higher electron density.
[31] Although the magnitude of the reduction in O/N 2 and Ne during minor geomagnetic disturbances described above is not usual, this study supports earlier suggestions that the orientation of the B y component of IMF plays an important role in the transport of disturbances in latitude and longitude. Studies of the dependence of such transport on IMF orientation may provide an explanation of the sharp latitudinal and longitudinal gradients frequently observed in thermospheric and ionospheric parameters during both geomagnetic disturbances and relatively quiet times [e.g., Prölss et al., 1988] . In this study, we presented two cases of Relative importance of B y magnitude, orientation, and stability still remains to be investigated. Studies of IMF orientation effects may also provide some new insights on the origins of ionospheric variability even under geomagnetically quiet conditions. Although in the present paper we concentrate on the observed reductions in O/N 2 and electron density, the data clearly show enhancements in thermospheric and ionospheric parameters at other longitudes (similar to positive storm effect), which should be addressed in future studies. We also report enhancements in both O/N 2 and TEC at latitudes southward from regions with reduced O/N 2 and TEC, as one would expect from earlier data and global model simulations [e.g., Mayr et al., 1978; Prölss et al., 1988; Fuller-Rowell et al., 1994; Burns et al., 1995] . These and other questions can be a subject of future studies.
[32] It is important to note that the composition change during the geomagnetic storm and the related change in the ionospheric density is only one of many physical processes which affect the thermosphere/ionosphere system. Although global models predict significant disturbances in the thermosphere and ionosphere propagating to low latitudes even for moderate (K p = 5) storms [Field et al., 1998 ], the change in the O/N 2 ratio may eventually saturate [Hays et al., 1973] . Other processes may also play important roles for stronger geomagnetic disturbances, and their contribution should be carefully considered in further studies.
Summary
[33] We present two case studies of the effects of minor geomagnetic disturbances on the ionosphere and thermosphere. In the first case (16 April 2002), SYM-H reached a minimum value of À32 nT and K p reached a maximum value of 3À, while in the second case (28 April 2002) SYM-H reached the value of À45 nT and was accompanied by the maximum K p of 5À. Geomagnetic disturbances of such magnitude are not usually associated with large variations in thermospheric and ionospheric parameters at middle latitudes.
[34] However, we report a significant effect of such geomagnetic disturbances on the thermosphere and ionosphere. The daytime O/N 2 ratio, observed by the TIMED GUVI instrument, decreased by 30-50%. The ionospheric electron density, observed by GPS receivers, incoherent scatter radars and ionosondes, decreased by 30 -50%.
[35] The area of the depleted electron density is coincident with the area of decrease in O/N 2 ratio, which directly confirms that variations in electron density are related to variations in O/N 2 ratio. The perturbations in the O/N 2 ratio and electron density penetrate to the latitude of 35 -40°N for a weaker disturbance (case 1), and to the latitude of $0-10°N for a stronger disturbance (case 2). Similar variations are also predicted by the TIMEGCM/ASPEN model in both O/N 2 ratio and electron density, though the magnitude of variations in the model and their geographic extent is smaller.
[36] Such major ionospheric-thermospheric disturbances, which rarely occur during minor storms, have developed due to the composition and wind mechanisms. Favorable geophysical conditions, including the positive and strong IMF By component, play an important role in delivering high-latitude thermospheric disturbances to lower latitudes.
[37] Acknowledgments. The analysis of the observations was supported under a NSF CEDAR/TIMED grant (ATM-0000958) and a NASA grant (NAG5-13602) to the Massachusetts Institute of Technology. The total hemispheric power (HP) input is obtained from NOAA POES satellite measurements. We thank the ACE MAG and SWEPAM instrument teams and the ACE Science Center for providing the ACE data. The digisonde data were analyzed, processed, and supplied by the University of Massachusetts, Lowell, Center for Atmospheric Research (UMLCAR). The Kharkiv incoherent scatter radar is supported by the Ministry of Education of Ukraine. The authors thank T. Fuller-Rowell and M. Mendillo for valuable discussions.
[38] Arthur Richmond thanks Alan G. Burns and another reviewer for their assistance in evaluating this paper.
